Bibliometric data on the growth dynamics of papers devoted to the Czochralski method of crystal growth and citations to these papers published in the scientic literature are analyzed using mathematical functions based on progressive nucleation mechanism and power-law approaches. It is shown that the basic concepts of progressive nucleation mechanism originally developed for crystal growth can satisfactorily be applied to explain the citation behavior of papers published on the Czochralski method of crystal growth. It is also found that: (1) cumulative number N (t) of papers and cumulative number L(t) of citations to them at time t are mutually related, and (2) as determined by the plot of the parameter L(t)/t 2 against the number ∆N (t) of papers published per year, the citation behavior of papers published on the Czochralski method follows three distinct periods : 19541988, 1988 2001 and 20012012, which are related to the dependence of the number ∆N (t) of papers published per year on publication time t.
Introduction
Early fties of the 20th century witnessed the publication of three scientic contributions: (1) a paper entitled Growth of germanium single crystals by Teal and Little [1] , (2) a paper entitled The growth of crystals and the equilibrium structure of their surfaces by Burton, Cabrera and Frank [2] , and (3) a monograph entitled Crystal Growth by Buckley [3] . These contributions provided enormous impetus to research activities in the eld of crystal growth and served as percursors for the nucleation and development of various subelds of crystal growth. For example, in later years the paper by Teal and Little [1] on the growth of germanium became a reference point for the growth of a variety of materials from the melt by the method introduced by Jan Czochralski, and the paper by Burton et al. [2] became a central point for the investigation of the kinetics and mechanism of growth of crystals from dierent phases and the growth morphology of crystals. For a long time Buckley's monograph [3] also remained a valuable source of literature on crystal growth and a source of inspiration in the investigations of the eect of impurities on the growth morphology of crystals from solutions. In this monograph the method used by Czochralski was called crystal pulling. However, since early nineteen fties it is usually referred to as Czochralski method of crystal growth although this name of the method (i.e. Czochralski method) has been used before in 1921 as noted by Wilke and Bohm [4] .
Jan Czochralski was a self-made man. Formally, he did not have University education but thanks to hard work, * e-mail: k.sangwal@pollub.pl Tomaszewski [5] briey describes the life and achievements of Jan Czochralski in chronological order. Recently, Tomaszewski published a documented biography of his life and achievements [6] .
In Poland Czochralski's name remained condemned during the communist regime but, thanks to his method, his name steadily grew in fame with the continuously increasing number of scientic papers devoted to the growth and characterization of crystals of various materials. This caused the appearance of publications in nineteen eighties praising the contribution of Czochralski as a Pole [7] , but the Polish academic community remained unconcerned with his after-war fate. After the transformation of the political system in 1989, it occurred to the present author during his stay in Spain in 1990 to organize a crystal growth society in Poland. [8, 9] . Citation analysis is an active eld of research in informetrics. Therefore, it is of interest to carry out an informetric study of papers related to Czochralski method and citations to these papers.
It is well known that the cumulative number of items such as journals, articles and authors in dierent scientic elds initially increases with time and then after a particular period it attains a saturation value. If one considers the growth of items per year (i.e. their number in successive years), one observes that this growth occurs at a relatively slow rate initially, followed by an exponential increase, and, in some cases, nally the growth declines after a certain time, giving rise to a sigmoidal Note that we distinguish system B from system A because it is composed of a secondary source B and secondary items C dierent from the source A and items B of system A. However, each secondary source B and the secondary items generated by it also form an independent system similar to system A. Thus, our entire system is composed of one primary source A, an array of primary items B behaving subsequently as secondary sources generated by the primary source A, and items C generated by each of the secondary sources B (i.e. primary items) which produce items C independent of each other. This is an example of complex systems represented by the outer closed frame.
The above example of the process of generation of secondary items C by secondary sources B, which are essentially primary items B produced successively by primary source A also applies to the process of citations of successively published papers by a hypothetical author A.
Then the horizontal array of dark circles represents papers B, starting from Paper 1, published successively by the hypothetical author A, whereas the parallel arrays of grey circles arranged in columns running downwards denote citations C. If one denotes the number of cumulative papers published by an author at time t by N (t) and the number of citations received by the i-th paper at time t by L i (t), the cumulative citations L(t) received by cumulative papers N (t) successively published papers after time t by the author may be considered as an example of complex systems.
Basic equations for citation data
The author recently applied the above PNM approach to describe the growth dynamics of citations of individual authors [8, 9] , cumulative citations of individual papers of individual authors [16] , articles in three randomly selected databases from 20 dierent databases in humanities, social sciences, and science and technology [18] and the growth of journals, articles and authors in malaria research [18] , and to analyze and compare the scientic activities of dierent authors [8, 19] . The basic equations of the PNM approach used in this paper for the analysis of the bibliometric data related to citations to the Czochralski method of crystal growth are given below.
The fraction α(t) of cumulative items y(t) at time t generated by an individual source may be given by [8, 9] :
where y 0 is the maximum number of items that the source can give, the time constant
and the exponent q = 1 + νd.
In the above equations, J s is the rate of stationary nucleation of items and κ is the shape factor (e.g. κ = 16π/3
for a sphere) and the time
where Y is the year of the items y(t) and Y 0 is the actual or extrapolated year when α(t) = 0. In Eq. (3) the parameter d denotes the dimensionality of nuclei of items, which is equal to 1, 2 and 3 for one-, two-and three--dimensions, respectively, whereas the exponent ν = 1/2 and 1 for the growth of the nuclei controlled by volume diusion and mass transfer, respectively.
The cumulative fraction α sum (t) of items generated by successively appearing sources at time t by a system or set of sources characterized by dierent values of time constant Θ and exponent q in Eq. (1) as a function of their generation duration t may be expressed by a similar relation [9, 19] , i.e.
where α sum0 is the sum of all of the maximum fractions of items from the collective of sources, and Θ 0 and q 0 are new time constant and exponent, respectively, describing the resultant behavior of the entire collective of sources.
Since the ratio α sum /α sum0 of items may be considered as an average cumulative fraction of items and is related to their cumulative number y sum , Eq. (5) may be written
where y sum0 is the maximum number of items that the system can attain. Then Eq. (5) takes the form
where y sum0 is the sum of the maximum numbers of items generated by the collective of sources. Dierentiation of Eq. (7) with respect to t gives the change in the number y sum of items with time t (i.e. the number ∆y sum of items produced by the source per unit time) in the form
According to this equation the change in the number ∆y sum (t) of items initially increases and then decreases with an increase in time t after passing through a maximum value of ∆y sum (t) at a particular value of t max .
In the increasing part of the number ∆y sum (t) of items produced per unit time by the successively appearing sources, the time dependence of ∆y sum (t) can also be described by the empirical relation
where Θ sum and q sum are new time constant and exponent, approximately equal to Θ 0 and q 0 , respectively, and the constant λ 0 = y sum0 /z, with the parameter z is related to the total number of sources producing cumulative items y sum (t).
It should be mentioned that, when the approximation e x = 1 + x holds, both Eqs. (1) and (5) transform to the power-law relation
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The publication period t = Y − Y 0 , where Y 0 is the year of publication of the rst paper and Y is the year of publication under consideration. The data were analyzed using Origin software (version 4.1). The procedure following the analysis of the data is described elsewhere [8, 9] . In cases when it was dicult to establish best ts, two dierent sets of the values of the constants were recorded. Examples of this type of sets of the constants are the N (t) data given in Table II .
Growth of papers published on Czochralski method and their citations with time
In this section the growth dynamics of papers devoted to the Czochralski method of crystal growth and citations to these papers published in the scientic literature are analyzed using the theoretical equations presented above. Tables II and III . It may be seen that the N (t) data are better described by PNM relation alone but the L(t) data can be described satisfactorily by both relations. In the former case, signicant deviations are observed for data after 1985. In particular, the tendency of retardation in Upon taking logarithm on both sides of power-law relation (10) one obtains ln y(t) = ln y 0 θ p + p ln t,
which predicts a linear dependence of ln y(t) on ln t with slope p and intercept A = ln(y 0 /θ p ). Table II of PNM relation.
It may be noted that the plots of ln L against ln t may be described by the linear relation practically in the en- Table III . In contrast to the L(t) data, the data of ln N as a function of ln t can only be represented by the linear dependence in dierent time intervals and the value of the exponent p is lower than that given in Table III . However, a careful examination of the two plots shows that, except for the rst two points below ln(Y − Y 0 ) < 1.5 for N (t) data, the trends of the plots of the two data are very similar, suggesting that N (t) and L(t) are mutually related. Equations (7), (8) and (10) are derived on the assumption that the change in the number N of papers (i.e. individual sources) per unit time, dened by ∆N , occurs successively and is constant. In other words, the cumulative number N of papers published by an author increases linearly with time t during his/her publication career (see above). In reality, this assumption is frequently violated.
In order to explain these violations we consider Eq. (7) as applied for the time dependence of citations according to the progressive nucleation mechanism.
In the time interval 0 < t < Θ 0 when the approximation e x = 1 + x is valid, the cumulative citations L(t) of cumulative N papers in the entire publication career lim-ited to time T such that Θ 0 < T /3 may be given by [19] 
where the cumulative papers N = ∆N Θ 0 and λ 0 is a citability parameter related to the L(t)/α av (t) = L(Θ 0 )/α av (Θ 0 ). Since q 0 ≈ 2, Eq. (12) may also be rearranged in the form ln L(t) = ln λ 0 Θ 0 t + ln N (t).
Equation (13) predicts a linear dependence of ln L(t) on ln N (t) with slope equal to unity and intercept equal to ln(λ 0 t/Θ 0 ). Table IV . Figure 5 shows the plot of ln L(t) against ln N (t) according to Eq. (13) where the linear plot is drawn with the best-t parameters: slope = 1.1557 ± 0.0072 and intercept ln(λ 0 t/Θ 0 ) = 0.733 ± 0.048, i.e. λ 0 t/Θ 0 = 2.08 ± 0.10. As predicted by Eq. (13), the value of the slope is close to unity but a constant value of ln(λ 0 t/Θ 0 )
is expected when Θ 0 increases linearly with t and the citability parameter λ 0 remains constant. In fact, it was reported that Θ 0 increases linearly with t [19] .
From an analysis of the time dependence of the scientic activities of dierent authors determined by the cumulative number L(t) of citations of their papers, the present author [19] 
where we have taken q 0 = 2 and the term [L(t 0 )/t Table V , where
Note that the slope b > 0 in the rst two intervals, whereas b < 0 in the last interval. These slopes are directly connected with the nature of the plots of ∆N (t) against publication year Y seen in Fig. 3a . The slope b > 0 in the rst two intervals because [∆N (t) − ∆N (t 0 )] > 0 in these intervals, but b < 0 in the last interval because [∆N (t) − ∆N (t 0 )] < 0.
Summary and conclusions
As found in previous papers [8, 9, 16, 18, 19] , it is shown that the basic concepts of progressive nucleation mechanism originally proposed for crystal growth can 
